Crigler-Najjar syndrome type I is characterized by unconjugated hyperbilirubinemia resulting from an autosomal recessive inherited deficiency of hepatic UDPglucuronosyltransferase (UGT) 1A1 activity. The enzyme is essential for glucuronidation and biliary excretion of bilirubin, and its absence can be fatal. The Gunn rat is an excellent animal model of this disease, exhibiting a single guanosine (G) base deletion within the UGT1A1 gene. The defect results in a frameshift and a premature stop codon, absence of enzyme activity, and hyperbilirubinemia. Here, we show permanent correction of the UGT1A1 genetic defect in Gunn rat liver with site-specific replacement of the absent G residue at nucleotide 1206 by using an RNA͞DNA oligonucleotide designed to promote endogenous repair of genomic DNA. The chimeric oligonucleotide was either complexed with polyethylenimine or encapsulated in anionic liposomes, administered i.v., and targeted to the hepatocyte via the asialoglycoprotein receptor. G insertion was determined by PCR amplification, colony lift hybridizations, restriction endonuclease digestion, and DNA sequencing, and confirmed by genomic Southern blot analysis. DNA repair was specific, efficient, stable throughout the 6-month observation period, and associated with reduction of serum bilirubin levels. Our results indicate that correction of the UGT1A1 genetic lesion in the Gunn rat restores enzyme expression and bilirubin conjugating activity, with consequent improvement in the metabolic abnormality.
UDP-glucuronosyltransferases (UGTs) are a family of membrane-bound enzymes that catalyze the conjugation of numerous xenobiotics and endogenous substrates with glucuronic acid. Of the known isoforms, only UGT1A1 is physiologically relevant in bilirubin glucuronidation and biliary excretion of this potentially toxic metabolite (1, 2). Crigler-Najjar (CN) syndrome is the inherited deficiency of hepatic UGT1A1 activity and is characterized by elevated serum levels of unconjugated bilirubin (3) . Of the two types of CN syndrome, type I is more severe and is characterized by a nearly complete absence of UGT1A1 activity, whereas incomplete deficiency of the enzyme is associated with the less severe type II form (4, 5) .
The homozygous Gunn rat, a mutant strain of Wistar rat, is an accurate animal model for CN syndrome type I. Its liver lacks UGT1A1 activity because of the deletion of a single guanosine (G) base in UGT1A1 that results in a frameshift and a premature stop codon (6, 7) . Recombinant adenoviral vectors have been used in vivo to correct the hyperbilirubinemia in the Gunn rat with persistent expression of the human bilirubin UGT1A1 enzyme for as long as 2 months (8, 9) . Significant progress also has been made in overcoming the immunogenicity of the adenoviral-based vectors (9) (10) (11) , but their use requires repeated treatments and immunomodulation of the host to maintain therapeutic levels of UGT1A1.
A novel approach, based on mechanisms of DNA repair (12) , was reported to correct single nucleotide mutations in episomal and genomic DNA (13, 14) . It was observed that an oligonucleotide (ON) composed of both DNA and RNA exhibited increased pairing efficiency with a genomic DNA target (15, 16) . The chimeric RNA͞DNA ON was designed for increased stability, resistance to nucleases, and improved localization to genomic target sites (17) . In a typical duplex structure, the double-stranded region of the molecule is capped by single-stranded thymidine hairpins. The 5Ј and 3Ј ends of the molecule are juxtaposed and sequestered by using a 5-bp GC clamp at the 3Ј end. The RNA residues are 2Ј-O-methylated to prevent RNase H degradation as well as to improve the formation of joint molecules (18) . The homology segment between the RNA͞DNA ON and its genomic target is designed with a single mismatch, which promotes the site-directed genomic alteration by endogenous repair pathways (17, 19) .
We have used this technology previously to introduce sitespecific missense mutations in genomic DNA in cultured human hepatoma cells (20) and in nonreplicating isolated rat hepatocytes (20, 21) . In addition, Ͼ40% of the rat hepatic factor IX alleles were mutated in vivo by using a nonviral delivery system targeted to the hepatocyte via the asialoglycoprotein receptor (21, 22) . Both the genomic and phenotypic changes were stable for more than 1 year in quiescent as well as regenerated livers.
Here, we demonstrate that chimeric RNA͞DNA ONs can be used for site-directed insertion of a single G nt in genomic DNA from cultured hepatocytes and intact liver of the Gunn rat. The repair process is dose dependent and associated with restoration of the wild-type BstNI restriction endonuclease site in the UGT1A1 gene. In addition, the phenotypic change is characterized by the hepatic appearance of UGT1A1 protein, secretion of conjugated bilirubin in bile, and decreased serum bilirubin levels. This strategy of genomic alteration circumvents many of the disadvantages associated with viral vectormediated gene transfer. Our results suggest that site-directed gene repair offers an attractive alternative to gene augmentation using recombinant viruses or hepatocyte transplantation (23) in the treatment of CN syndrome type I.
were synthesized by using DNA and 2Ј-O-methyl RNA phosphoramidite nucleoside monomers as described (13) . After deprotection and purification by HPLC, more than 98% of the purified ONs were full length. Fluorescently labeled ONs were synthesized by using a fluorescein-modified deoxynucleotide at the initial 5Ј position of the all-DNA strand.
Polyethylenimine (PEI) and Liposomal Formulations. The 25-kDa PEI (Fluka) was lactosylated by using sodium cyanoborohydride (Sigma) as described (22) . For in vitro transfections, the chimeric ONs were combined with PEI at nine equivalents of PEI nitrogen per ON phosphate in 0.15 M NaCl. For in vivo delivery, the chimeric ONs were complexed with PEI at an ON phosphate͞PEI amine ratio of 1:6 in 5% dextrose (22, 24) .
Lipid films of dioleoyl phosphatidylcholine͞dioleoyl phosphatidylserine͞galactocerebroside (Avanti Polar Lipids) were prepared at a 1:1:0.16 molar ratio, hydrated, and extruded down to 0.5 m as described (22) . For in vitro transfections, 150 g of UGT1A1͞0.5 ml of 0.15 M NaCl was used to hydrate a 0.5-mg lipid film. For in vivo delivery, 600 g of ON͞ml of 5% dextrose was used to hydrate a 2-mg lipid film. Fluorescently labeled ONs were encapsulated in the anionic liposomes by using the same methods. The encapsulation efficiency of the RNA͞DNA ONs was Ͼ80%.
Cell Culture and Transfections. Gunn rat hepatocytes immortalized by using the simian virus 40 temperature-sensitive large T-antigen were maintained at the permissive (33°C) temperature in supplemented DMEM (25) . Cells were detached by using trypsin-EDTA and replated at a density of 2 ϫ 10 5 cells per 35-mm Primaria (Becton-Dickinson) dish at the nonpermissive temperature (37°C) 24 h before transfection. Cells were transfected in 1 ml of the same medium supplemented with 2.5 mM CaCl 2 by using a 100-l aliquot of transfecting solution containing the chimeric ONs complexed to PEI or vehicle alone. After 18 h, 2 ml of medium was added, and the hepatocytes were maintained for an additional 30 h at 37°C before harvesting by scrapping. For repeat transfections, the medium was removed after 48 h and replaced, and the cells were transferred to 33°C for expansion. One week later, the cells were prepared, transfected, and harvested as outlined above.
Gunn rat hepatocytes were isolated by collagenase perfusion as described (25) and plated at a density of 1 ϫ 10 6 cells͞T25 flask in a chemically defined medium (hepatocyte growth medium, HGM) (26) . Cells were transfected with 300 l of the liposome-encapsulated chimeric ONs, or vehicle alone, in 3 ml of HGM supplemented with 10% heatinactivated FBS and 2.5 mM CaCl 2 . Three milliliters of FBSsupplemented HGM was added 18 h after transfection, and the cultures were maintained an additional 30 h at 37°C. Parallel transfections of Gunn rat hepatocytes were done with the fluorescein-labeled chimeric ONs, and the cells were analyzed by confocal microscopy as described (20, 22) .
In Vivo Delivery Systems. Male rats (Ϸ65 g; Harlan SpragueDawley) received 200 g of fluorescein-labeled chimeric ONs that were either naked, encapsulated in anionic liposomes, or complexed to PEI in 5% dextrose by tail vein injection. For asialoglycoprotein receptor competition, animals received bolus injections of 5 mg͞100 g body weight of asialofetuin (ASF) in 0.15 M NaCl 1 min before and 3 min after injection of the fluorescently labeled ONs (27) . Tissue samples were frozen in OCT, and the cryosections were fixed for 10 min with 4% paraformaldehyde (wt͞vol) in PBS, pH 7.4. Tissue distribution of the fluorescently labeled ONs was determined by confocal microscopy as described (21) .
Gunn rats (Ϸ80 g; Harlan Sprague-Dawley) were administered aliquots of 200 g of UGT1A1 either complexed to PEI or encapsulated in anionic liposomes, or an equal amount of vehicle alone by tail vein injection in 5% dextrose on 5 consecutive days. Seven days and 4 months postinjection, random liver tissue samples were removed for DNA isolation. At 6 months, bile samples were collected from the animals as described (10) as well as blood and liver tissue for enzyme activity, DNA, and Western blot analysis.
A separate group of Gunn rats (Ϸ200 g) was injected on 5 consecutive days with either vehicle, or the chimeric ONs complexed to PEI or encapsulated in liposomes. A total dose of 3 mg͞rat (600 g͞day ϫ 5) was administered by tail vein injection in 5% dextrose. Rats treated a second time received the same dosing schedule. Blood was drawn under ether anesthesia for serum bilirubin levels and alanine aminotransferase activity (Sigma). Bile samples were collected by bile duct cannulation as described (10) .
PCR Amplification, Cloning, and Analysis. Genomic DNA larger than 100 bp was isolated by using the high pure PCR template preparation kit (Boehringer Mannheim). DNA from liver tissue samples was isolated as described (21) . PCR amplification (30 cycles of 94°C for 45 s, 55°C for 20 s, and 72°C for 45 s) of a 379-nt region of the rat UGT1A1 gene using the primers 5Ј-GGGATTCTCAGAATCTAGACATT-3Ј (sense) and 5Ј-GTGTGTGGTATAAATGCTGTAGG-3Ј (antisense) (28) was performed with 300 ng of the isolated DNA. To rule out PCR artifacts, 1 g of UGT1A1 alone, or 300 ng of Gunn rat DNA incubated with up to 1.5 g of the UGT1A1 chimeric ON, was subjected to PCR amplification. The amplification products were subcloned into the TA cloning vector pCR 2.1 (Invitrogen), and the ligated material was used to transform frozen competent Escherichia coli.
After plating, the colonies were lifted onto Micron Separations MagnaGraph nylon filters, replicated, and processed for hybridization with 32 P-end-labeled 17-mer ON probes 1206A (5Ј-ATGTCCTGAAATGACTG-3Ј) or 1206G (5Ј-ATGTC-CTGGAAATGACT-3Ј). Hybridizations were performed at 37°C for 24 h and the filters were washed as described (20) . Plasmid DNA prepared from colonies hybridizing with 1206A or 1206G was sequenced on an ABI 370A sequencer (PerkinElmer) by using the mp13 forward and reverse primers as well as a gene-specific primer 5Ј-CCCATGGTATTTATGAAG-GAATATGC-3Ј corresponding to nucleotides 1071-1106 of the rat UGT1A1 cDNA (7). The PCR amplicons from DNA samples isolated after 6 months were subjected to BstNI restriction endonuclease digestion and separated by using 1% agarose gel electrophoresis to distinguish the wild type from the mutant UGT1A1 Gunn rat gene sequence (29) .
Southern and Western Blot Analyses. Genomic DNA from the 6-month liver samples was digested sequentially with EcoRI then BstNI, and the fragments were resolved by electrophoresis through a 1% agarose gel. After capillary transfer to nitrocellulose membrane, the blots were hybridized for 24 h at 65°C in 6ϫ SSC containing 1% SDS, 5ϫ Denhardt's, and 200 g͞ml denatured sonicated fish sperm DNA with 32 P-labeled probe corresponding to the 379-nt PCR-amplified fragment of the rat UGT1A1 gene. After hybridization, the filters were washed in 1ϫ standard saline phosphate͞EDTA (0.154 M NaCl͞10 mM phosphate, pH 7.4͞1 mM EDTA; SSPE), 0.5% SDS and then 0.1ϫ SSPE, 0.5% SDS at room temperature and 37°C, respectively, and analyzed by phosphoimaging.
Total homogenate and microsomes were isolated from the flash-frozen liver tissue samples by using the buffers and procedures outlined (30) . Protein concentrations were determined with the Bio-Rad protein assay kit. Aliquots of 100 g of total or microsomal proteins were separated by using 7.5% SDS͞PAGE. After electrophoretic transfer onto nitrocellulose membranes, immunoblots were incubated sequentially with H 2 O 2 , 5% milk blocking solution, primary antibody (1:5,000) to rat UGT1A1 (28) , and horseradish peroxidaseconjugated goat anti-rabbit IgG secondary antibody. UGT1A1 protein was detected by using the Ultra chemiluminescent system (Pierce).
Serum Bilirubin, UGT1A1 Activity, and HPLC Analysis. Serum bilirubin concentrations were determined in blood drawn from the Gunn rats by using a Sigma diagnostic kit. The UGT1A1 enzyme activity was assayed in digitonin-activated liver homogenates with bilirubin as the acceptor aglycone, as described (1, 2) . Bile pigments collected from the cannulated bile ducts of each animal group were evaluated for bilirubin glucuronidation by HPLC analysis as described (11) . Authentic pigments were used as standards, and pigments were identified by retention times.
RESULTS

UGT1A1
Correction in Cultured Hepatocytes. We designed the chimeric ONs with the hybrid RNA͞DNA strand targeting the nontranscribed DNA sequence of the UGT1A1 gene (Fig.  1) . The sequence of the RNA͞DNA molecule was identical to that of the mutant gene with one change. An additional G was placed as the center nt within the stretch of nine DNA residues, flanked on both sides by blocks of modified RNA. The genomic target site corresponded to nucleotide 1206 of the complementary strand of the mutant cDNA (7) .
Both the liposomal and PEI delivery systems were targeted to the hepatocyte asialoglycoprotein receptor (22, 31) . Gunn rat hepatocytes initially were transfected with the fluorescently labeled ONs at 150, 180, and 300 nM concentrations. There was significant cell uptake and nuclear localization of the labeled chimeric molecules in both the immortalized and primary Gunn rat hepatocytes (data not shown). These cells then were transfected with unlabeled UGT1A1 ONs, which were either complexed to PEI or encapsulated in the anionic liposomes. The frequency of G nt insertion at position 1206 was determined by hybridization of duplicate colony lifts of the PCR-amplified and cloned 379-nt stretch of exon 4 of the rat UGT1A1 gene (28) .
The filter lifts were hybridized with the 32 P-end-labeled ON probes 1206A and 1206G (Fig. 2A) . The overall frequency of conversion of the targeted nt was calculated by dividing the number of clones hybridizing with the 1206G probe by the total number of clones hybridizing with both probes. G insertion was observed only in hepatocytes transfected with UGT1A1, and not in cells transfected with vehicle or nonspecific chimeric ONs. Additionally, no hybridization of the 1206G probe occurred in clones derived from DNA isolated from untreated hepatocytes and PCR-amplified in the presence of 0.5-1.5 g of the UGT1A1 ON. Nucleotide insertion was dose dependent and was as high as 15.3%. In addition, the frequency of G insertion increased to 23.7% after a second transfection of the immortalized Gunn rat hepatocytes.
We confirmed our results from the filter hybridizations by direct sequencing of at least 12 independent clones of the wild-type and mutant genes (Fig. 2B) . The results indicated that colonies hybridizing to only 1206A exhibited the mutant sequence. In contrast, those colonies derived from UGT1A1-transfected Gunn rat hepatocytes hybridizing to the wild-type 1206G ON probe displayed a G at position 1206. The entire 379-nt PCR-amplified region of the UGT1A1 gene was sequenced for all of the clones and no alterations other than the directed change at the target site was observed. Finally, the start and end points of the 379-nt PCR-amplified genomic DNA samples corresponded exactly to those of the primers used for the amplification process, indicating that the clones sequenced were derived from genomic DNA, rather than nondegraded chimeric ONs.
In Vivo Characterization of the Anionic Liposome and PEI Delivery Systems. The fluorescently labeled ONs, using either PEI or liposomes, were distributed homogeneously throughout the liver as early as 2 h after tail vein injection (Fig. 3) . In contrast, there was only minimal uptake in lung, heart, and FIG. 1. Targeting strategy to correct the UGT1A1 frameshift mutation in the Gunn rat. The 2Ј-O-methylated RNA residues of the targeting RNA͞DNA ON (blue) are indicated in lowercase and the DNA residues in capital letters. Blocks of 10 modified RNA residues flank both sides of a 9-residue stretch of DNA, which contains the base change required for correction. The ON sequence is complementary to 28 residues of genomic DNA spanning the site of mutation with the exception of a G base (orange) targeted for position 1206. The cell's endogenous DNA repair process mediates insertion of G at the target site, thereby correcting the frameshift mutation and restoring UGT1A1 activity. The folded double-hairpin structure containing four T residues in each loop, a 5-bp GC clamp, and the modified RNA residues significantly improve resistance to nuclease degradation. kidney. Coadministration of ASF, which binds avidly to the asialoglycoprotein receptor (27) , almost totally inhibited the hepatic uptake of the ONs. This finding was associated with increased levels of the labeled molecules in the other organs. Interestingly, no detectable fluorescence was present in the testis even with coadministration of ASF. In animals injected with naked fluorescein-labeled ONs, there was almost no detectable fluorescence in the liver at 2 h. However, distribution to the other organs was similar to that observed when ASF was coadministered to inhibit liver uptake (data not shown). We then characterized the time course for hepatic disappearance of the fluorescein label in rats injected with the liposome-encapsulated ONs (Fig. 3) . No significant change was observed until 24 h postinjection when the fluorescence began to decline. There was a dramatic decrease throughout the liver by 48 h, and by 120-168 h there was only background fluorescence. Disappearance of the fluorescein label in the other tissues mirrored that observed in the liver. The same pattern of distribution and disappearance was observed when the ONs were complexed to PEI.
In Vivo Correction of the Hepatic UGT1A1 Mutation. Chimeric ONs complexed with PEI or encapsulated in the anionic liposomes were administered in vivo by tail vein injection. Random samples of liver were harvested at 7 days and 4 and 6 months postinjection. Liver DNA was isolated, and the 379-nt sequence spanning the target site was PCR-amplified. Duplicate filter lifts of the transformed colonies were hybridized with the 17-mer ONs to either wild-type 1206G or mutant 1206A. Insertion frequency of G at the genomic target site was Ϸ20% with either delivery system (Fig. 4A) and was undetectable in the control groups. The frequency remained stable at Ϸ20% even when the same livers were analyzed 4 and 6 months postinjection (Table 1 ). The PCR amplicons from the 6-month samples were subjected to restriction endonuclease digestion with BstNI. Agarose gel analysis indicated partial cleavage at the wild-type BstNI site, whereas DNA from the vehicle controls remained resistant (Fig. 4B, Top) . Finally, the 379-nt PCR-amplified DNA fragments were sequenced to confirm G insertion. Amplicons from the UGT1A1 livers exhibited a mix of wild-type G and mutant A at position 1206 (Fig. 4B, Bottom) , whereas the control groups displayed only the mutant A (Middle).
Southern and Western Blot Analyses. DNA was isolated from a variety of liver tissue samples for genomic Southern blot analysis. In fact, DNA isolated from animals that were administered the UGT1A1 ON showed partial restoration (Ϸ25%) of the BstNI restriction site in exon 4 of the UGT1A1 gene (29) (Fig. 5A) . In contrast, the control samples showed no cleavage with BstNI at this site, whereas the wild-type DNA was completely cleaved. The results from the Southern blot analyses were similar for both the PEI and liposomal delivery systems.
Total and microsomal proteins were isolated from liver tissue samples and subjected to Western blot analysis for detection of the 52-kDa UGT1A1 protein. The results (Fig.  5B ) indicated that repair of the UGT1A1 gene sequence was associated with appearance of the bilirubin-conjugating enzyme. In contrast, there was no detectable UGT1A1 protein in control samples. The protein was enriched in the microsomal fraction and expressed at 8-15% of wild-type levels, in agreement with the observed enzyme activity in these samples.
Effect of UGT1A1 Gene Correction on Serum Bilirubin Levels. The serum bilirubin levels of the Gunn rats were monitored after tail vein injection and indicated that a single dosing regimen of the UGT1A1 molecule, using either PEI or liposomes, resulted in an Ϸ25% decrease in serum bilirubin levels (Fig. 6) . In contrast, rats administered vehicle or nonspecific ON showed no change, or even an increase in their serum bilirubin levels. A repeat dosing with UGT1A1 resulted in a further drop in serum bilirubin to Ͻ50% of the pretreatment levels, whereas no significant change was observed in the control rats. Blood studies for routine liver enzymes were performed with both delivery systems, and no changes were detected. Moreover, histologic examination of the livers 6 months after administration indicated that neither PEI, anionic liposomes, nor the chimeric ONs altered liver morphology (data not shown).
Hepatic UGT1A1 enzyme activity was confirmed by bile duct cannulation and HPLC analysis of bilirubin glucuronidation. In fact, bilirubin mono-and diglucuronides were detected only in those Gunn rats that were administered the UGT1A1 chimeric ONs (Fig. 7) . No significant differences were detected between the PEI and liposomal delivery systems, and in both groups the bilirubin was conjugated primarily as the monoglucuronidated species. Only unconjugated bilirubin was present in the bile of the control Gunn rats. 
DISCUSSION
Chimeric RNA͞DNA ONs have been used successfully for single nt substitution in episomal and genomic DNA of replicating cells (13, 14, 20, 32) . They also have mediated efficient genomic site-specific nt exchange in isolated nonreplicating as well as quiescent hepatocytes in vivo (21, 22) . The purpose of this study was to establish whether chimeric ONs could effect site-specific replacement of a G residue to correct the frameshift mutation in exon 4 of UGT1A1 in Gunn rats. Our results demonstrate efficient correction of the genetic lesion in both immortalized and primary Gunn rat hepatocytes, as well as the liver in situ. In addition, the long-term change together with our previous results with mutation of the rat factor IX gene (22) suggest that correction of the UGT1A1 gene was permanent.
The genomic insertion of G at the targeted site was not an artifact of PCR amplification, as recently suggested (33) . Specifically, neither the control groups nor DNA samples spiked with the UGT1A1 ONs yielded wild-type clones. Also, despite the almost complete hepatic disappearance of the ONs from the liver by 48 h, the frequency of G insertion at 1 week was comparable with that observed 4 and 6 months later in the same livers. Furthermore, hepatic correction of the UGT1A1 gene mutation was confirmed by genomic Southern blot analysis, expression of the 52-kDa UGT1A1 enzyme, and a significant reduction in serum bilirubin levels that has been maintained as long as 10 months without additional treatment. In contrast, serum bilirubin remained unchanged, and in some cases increased in control animals. Finally, UGT1A1 enzyme activity was confirmed by the appearance of both mono-and diglucuronidated bilirubin in the Gunn rat bile (1) .
The reduction in serum bilirubin levels was gradual and more closely resembled that observed with hepatocyte transplantation (23) rather than whole organ transplantation or overexpression of UGT1A1 transgenes (8, 10, 11) . This finding may be explained by partial correction of the enzyme defect and slow release of bilirubin from the body stores of the Gunn rats, as well as zonal differences in hepatic UGT1A1 expression. The greater proportion of bilirubin monoglucuronide relative to the diglucuronide in bile is also reminiscent of partial bilirubin UGT deficiency states, including CN syndrome type II, Gilbert syndrome, and heterozygous Gunn rats (34, 35) . The presence of a higher concentration of bilirubin relative to the number of UGT molecules favors the generation of bilirubin monoglucuronide over the formation of the diglucuronide (36) . Also, even with partial gene correction, increased enzyme expression could be achieved by transcriptional induction of UGT1A1 with several different agents, including phenobarbital (5) .
Based on the in vivo fluorescent studies, we estimate that Ϸ100,000 ONs were delivered to hepatocyte nuclei with each tail vein injection. If both alleles are equally amenable to gene repair and only a minority of them are repaired, it is more probable that a single allele would be corrected than both alleles in a given cell. Consistent with this notion, it was reported recently that repair of the tyrosine missense mutation in albino melanocytes appears to occur in a single allele in clonal isolates passaged as many as 10 times (32) . This occurrence could be important in some diseases such as ␣ 1 -antitrypsin deficiency, in which a codominant mutant protein may interfere with the function of the wild-type gene product (37) .
The incorporation of 2Ј-O-methylated RNA residues in the structure of the chimeric ON increases the efficiency of nt exchange compared with all-DNA ONs (13, 14, 16 ). It appears 6 . Effect of UGT1A1 gene correction on serum bilirubin levels in Gunn rats. Animals were administered UGT1A1 (blue squares) or nonspecific (red circles) ONs complexed to PEI or encapsulated in anionic liposomes as described in Materials and Methods. The dosage was repeated for all groups 30 days after the final injection of the first series (arrow). Each data point is the mean Ϯ SD of 11 animals. There was no significant difference between the PEI and anionic liposome groups. P Ͻ 0.001 Ն14 days for UGT1A1 ONs. that the RNA͞DNA strand of the duplex is responsible for the initial pairing event, whereas the mismatch within the all-DNA homology strand activates the endogenous DNA repair process (17) . In fact, the human recombinase HsRec2 protein, which facilitates homologous pairing (38) , significantly increased joint molecule formation between the RNA͞DNA ONs and complementary single-stranded DNA compared with the all-DNA ONs (18) .
With a novel bacterial test system, the functional capacity of these chimeric molecules to promote targeted nt conversion was shown to require both RecA recombinase and MutS, a mismatch repair enzyme (19) . The human MutS homolog MSH2 also was required for nt conversion in a mammalian cell-free assay system (39) . A two-step process was proposed in which RecA mediates strand pairing and formation of a double D-loop, whereas MutS mediates genomic repair (19, 39) . In fact, MutS is active in mismatch repair pathways rather than in homologous recombination (40) (41) (42) . It recently has been reported that the MutS␣ and MutS␤ heterodimeric complexes of the mammalian MSH2 mismatch repair pathway are differentially expressed in cultured cells, and that the MSH2 protein is involved in modulating their levels (43, 44) . Thus, cell lines with varying concentrations of these repair molecules may respond differently to genomic alteration by RNA͞DNA ONs (45) .
The use of RNA͞DNA ONs to correct genetic diseases of the liver offers significant advantages over viral-mediated transgene expression. In particular, it overcomes the random genomic integration associated with certain viral vectors, and the observed immunogenicity and lack of persistent gene expression in others. However, the approach does require the use of ONs that are designed specifically to each genetic mutation. The percent decrease in serum bilirubin levels achieved in this study would be sufficient to convert potentially lethal CN syndrome type I to a manageable CN syndrome type II phenotype. Additionally, the cumulative effect of the repeated treatments coupled with the ability of this technology to induce site-specific nt alteration of genomic DNA without selection offers a potentially powerful technique for both ex vivo and in vivo gene therapy.
